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Abstract: We report on an XPS study of AlN thin films grown on Si(100) substrates by ion 
beam sputter deposition (IBSD) in reactive assistance of N
+
/N2
+
 ions to unravel the 
compositional variation of their surface when deposited at different substrate temperatures. The 
temperature of the substrate was varied as room temperature (RT), 100
o
C and 500
o
C. The 
binding energy of Al-2p, N-1s and O-1s core electrons indicate the formation of 2H polytypoid 
of AlN. The increase in concentration of AlN with substrate temperature during deposition is 
elucidated through detailed analysis with calculated elemental atomic concentrations (at. %) of 
all possible phases at the film surface. Our results show that predominate formation of AlN as 
high as 74 at. % is achievable using substrate temperature as the only process parameter. This 
high fraction of AlN in thin film surface composition is remarkable when compared to other 
growth techniques. Also, the formation of other phases is established based on their elemental 
concentrations.    
1. Introduction 
Aluminum nitride (AlN) is a wide band-gap semiconductor having potential applications in the 
fields of electronic and optoelectronic devices [1, 2]. Polycrystalline AlN thin films found their 
technical importance as optical sensors in UV range, acoustic-optic devices and piezoelectric 
stress sensors [3-5] . Herein, synthesis of these films is crucial in such applications. In this 
context, X-ray photoelectron spectroscopy (XPS) is an analytical technique which has been 
widely used to explore the composition of AlN powders as well as thin films [6, 7]. AlN thin 
films, grown by various deposition techniques such as direct current (DC) magnetron sputtering 
[8], ion implantation [9],  metal-organic chemical vapor deposition (MOCVD) [10] and pulsed 
laser deposition (PLD) [11] have been investigated to quantify the fraction of AlN formed as 
well as impurity elements such as carbon, metallic aluminum and oxygen unintentionally 
incorporated into the film during deposition process. XPS analysis becomes even more important 
when thin films are grown by ion beam sputter deposition (IBSD) executed in assistance of 
reactive flux of gaseous ions. Such non-equilibrium deposition process is often vulnerable 
towards compositional changes. In case of AlN thin films deposited by reactive assistive IBSD, 
aluminum atoms are sputtered with a simultaneous supply of reactive flux of nitrogen (N
+
/N2
+
)  
which react on the substrate surface to form AlN [12]. Also, an independent control of incident 
ion energy and current along with the other deposition parameters such as substrate temperature, 
assisted ion energy as well as current, are expected to influence the formation of AlN. Hence it is 
always essential to quantify the fraction of AlN that has formed as a function of various 
deposition parameters. Since reactive formation of AlN takes place on the substrate, one can 
expect the effect of substrate temperature as an important deposition parameter by varying which 
compositional presence of AlN and other inadvertently incorporated species can be altered. 
These compositional variations are shown to affect the material properties of AlN thin films such 
as optical absorption, thermal conductivity and piezoelectric response [13]. Many studies have 
been carried out on above mentioned deposition techniques but XPS investigations of AlN thin 
films grown by reactive assistive IBSD are rather sparse. 
 Generally in XPS spectrum, information about the gross presence of various 
compositional constituents is provided by a 1000 eV wide survey scan. Then a ~ 10 eV wide 
high resolution (HR) spectrum is acquired for each individual elemental peak. Various chemical 
states of elements can be extracted by a detailed analysis of this HR spectrum from the respective 
surface core level shifts known as chemical shifts. A monochromatic X-ray source is used to 
facilitate such analysis by reducing the contribution of Bremsstrahlung continuum and other 
unwanted satellites. Another important parameter to be noticed is that only 95% of the 
photoelectrons emerging from the surface of AlN arise from the top 7 nm of the specimen 
surface. As oxygen has a high affinity towards elemental aluminum, it gets incorporated into 
AlN during deposition. Also, AlN reacts with atmospheric oxygen as well as humidity present in 
the environment to form a passivation surface layer at the film-air interface. Thus, in order to 
obtain information from the original surface of a specimen material, it is either pre-sputtered or 
as an alternative depth profiling is recommended to facilitate quantitative data collection by 
eliminating the deleterious effect of surface contamination [14, 15].  
 In this paper, we are motivated to investigate the effect of substrate temperature on the 
compositional evolution of AlN thin films deposited by reactive assistive IBSD. For this 
purpose, thin film samples were prepared at different substrate temperature viz. RT, 100
o
C and 
500
o
C. XPS analysis on these thin films was carried out to obtain the information about AlN 
phase formation and its subsequent quantification only on the surface. In addition to this, 
entrainment of nitrogen and oxygen in in their various chemical forms like Al-O and N-Al-O are 
also addressed by quantifying their respective phase fractions. 
2. Experimental 
AlN thin films were grown on Si (100) substrates by IBSD in reactive assistance of nitrogen 
plasma (N
+
/N2
+
). The base pressure of the chamber was 3x10
-7
 mbar while working pressure was 
maintained as 4x10
-4
 mbar during deposition. Metal atom flux was provided by sputtering the 
Al-target with an Ar
+
 ion beam of 500 eV extracted from a 6 cm RF ion source with an ion 
current of 80 mA. At the same time reactive flux of N
+
/N2
+
 ions with 90 eV energy and 200 mA 
ion current was provided directly to the substrate surface by an end-Hall type assisted ion source. 
Arrangement details of main and assisted ion source in the vacuum chamber is reported in our 
earlier study [12]. During deposition temperature of the substrate was varied from RT to 100
o
C 
and then to 500
o
C. Thickness of the films was measured using a surface profilometer. The 
topographic features of the films were analysed with scanning electron microscopy (FE-SEM, 
Supra 55, Zeiss, Germany) at each deposition temperature. 
X-ray photoelectron spectroscopy (XPS, M/s Specs, Germany) was used to explore the 
composition of AlN thin films at each substrate temperature using a monochromatic X-ray 
source of aluminum with Kα = 1486.6 eV operated at 15 KV and 22 mA. A concentric 
hemispherical analyzer of 150 mm diameter was used to analyze the photoelectrons with an 
electron takeoff angle of 90
o
. The base pressure of the spectrometer was 2.3 x 10
-10
 mbar which 
was maintained to be the same during measurement. The spectrometer was calibrated to the Ag-
3d5/2 peak at 368.53 eV and C-1s peak at 284.6 eV. All the spectra were recorded with a 
resolution of 0.25 eV. For binding energy reference, C-1s peak was used.  
3. Results and Discussion 
Figure 1 shows surface morphology of AlN thin films acquired by SEM at different substrate 
temperatures. Observations of these micrographs imply that all the films are highly dense 
without any pores. While films prepared at RT and 100
o
C exhibit similar surface features and 
appear to be amorphous, samples prepared at 500
o
C have cluster like features on the surface.  
Figure 2(a), 2(b) and 2(c) show the results of XPS survey scans for all the samples 
deposited at different substrate temperatures. All these survey scans detected only aluminum (Al-
2p and Al-2s), nitrogen (N-1s), oxygen (O-1s) and carbon (C-1s) at the surface of each thin film. 
Little amount of carbon, as indicated by the C-1s peak, is indicative of the mild surface 
contamination during sample handling. Prominent oxygen peak is appeared at RT as evident by 
figure 1(a) and reduces as the substrate temperature increases to 100
o
C and 500
o
C as shown in 
figure 1 (b) & 1(c). In order to calculate the elemental atomic concentration (at. %) of all four 
elements, high-resolution scans were performed centered around the peaks Al-2p, C-1s, N-1s and 
O-1s which are called as core level spectra. For this study, intensity vs. binding energy for a 
particular elemental scan is defined as a peak while one or more components of a peak which are 
mathematically generated to represent distinct chemical states within the elemental peak are 
defined as subpeaks. All subpeaks were fitted using a linear combination of Gaussian and 
Lorentzian shapes, commonly referred as pseudo-Voigt function [16]. Elemental atomic 
concentration was obtained after calculating the subpeak areas and applying relative sensitivity 
factors (RSFs) of 0.537, 1.000, 1.800 and 2.930 respectively for Al-2p, C-1s, N-1s and O-1s as 
recommended by the equipment manufacturer. Deconvolution of each core-level elemental peak 
and estimation of corresponding compositional variations at each substrate temperature are 
explained in the following sections. 
3.1 Al-2p peak 
The core-level spectra of peak Al-2p are shown in figure 3 at different substrate 
temperatures. The nature of different phases formed during deposition can be inferred from the 
deconvoluted components of these Al-2p peaks. For this, each individual Al-2p peak is 
deconvoluted using pseudo-Voigt function as one pair of 2p3/2 and 2p1/2 spin-orbit split subpeaks. 
Figure 3(a) shows that at RT, the Al-2p peak is splitted into a higher intensity subpeak Al-2p3/2 at 
74.0 eV binding energy and a lower intensity subpeak Al-2p1/2 appearing at 74.9 eV binding 
energy position. As the temperature of the substrate was raised to 100
o
C, Al-2p3/2 appeared at the 
same position with ~74.0 eV binding energy but Al-2p1/2 peak occurred at 74.3 eV undergo a 
larger chemical shift of 0.6 eV on the lower binding energy side as shown in figure 3(b). But no 
chemical shift was observed for the peak Al-2p3/2 as well as for the peak Al-2p1/2 which remain 
at the same positions when the temperature of the substrate is increased to 500
o
C. These binding 
energy values are listed in table 1 at each substrate temperature. From these observations, it is 
clear that each core level Al-2p peak is composed of two types of contributions. One rising from 
the subpeak Al-2p3/2 occurring at ~74 eV which can be assigned to nitidic aluminum in the form 
of AlN. This AlN retains the original 2H polytypoid (P63mc) [7, 17-20].  
Another contribution originates from the subpeak Al-2p1/2 with binding energy lying in 
the range 74.3 – 74.9 eV and can be attributed to the oxidic aluminum in Al2O3.  But the 
noticeable fact here is that the subpeak Al-2p1/2 is associated with a chemical shift of 0.6 eV on 
the lower binding energy side as the temperature of the substrate is increased from RT to 100
o
C 
and remains at the same position when substrate was at 500
o
C.  This chemical shift is a finger 
print of the valence electrons’ bonding environment which in turn affects the overall electrostatic 
interaction in the atom. Thus changes in the valence environment result in the change in the 
binding energy of all the inner core electrons [17]. These observations suggest that only a small 
change in oxidic aluminum bonding environment took place when substrate temperature was 
raised from RT to 100
o
C. But no significant change occurs when the temperature of the substrate 
was raised to 500
o
C.  
3.2 N-1s peak 
Successive plots of N-1s peak at different substrate temperature and their respective 
deconvoluted subpeaks are shown in figure 4. Two subpeaks were used in fitting each N-1s peak 
using pseudo-Voigt line shapes at each substrate temperature. Among them, subpeak with higher 
intensity is designated as N-1s
#1 
and that with lower intensity as N-1s
#2
. Figure 4(a) presents the 
N-1s peak observed from the AlN thin film grown at RT. The subpeak N-1s
#1
 has a binding 
energy of 396.4 eV while other subpeak N-1s
#2
 appeared at 397.6 eV. As the temperature of the 
substrate is raised to 100
o
C, no change in the binding energy of subpeaks N-1s
#1 
and N-1s
#2
 is 
observed. This is shown in figure 4(b). At 500
o
C substrate temperature, it can be observed from 
figure 4(c) that the subpeak N-1s
#1 
appears at the same position but a significant change is found 
in the occurrence of the subpeak N-1s
#2
 which appears at 398.6 eV with a chemical shift of 1 eV 
on the higher binding energy side. Aforementioned observations establish that the subpeak N-
1s
#1
 has its binding energy ~ 396.4 ± 0.1 eV. This binding energy value is consistent with that 
nitrogen contribution in N-1s peak which is bound to aluminum in wurtzite hexagonal AlN (i.e. 
2H polytypoid). This can be understood by the hypothesis given by Costales et al. [21]. In 
reactive assistive IBSD, major fraction of the nitrogen flux arriving at the growing AlN film 
surface is N
+
/N2
+
 ions. These ions get incorporated into the growing film and progressively 
increase their coordination to  l-species until a stable single bonded     l structure is 
established in wurtzite hexagonal phase of AlN. At the same time, the subpeak N-1s
#2
 is 
observed in the binding energy range of 397.6 eV to 398.6 eV. These binding energy values 
match well with that contribution of  - s which forms a three component system  l        
generally referred as aluminum oxynitride. This can be present in spinel phase as well as in 
amorphous phase. According to L. Rosenberger et al. N-1s
#2
 is a representative of that nitrogen 
which is existing in an intermediate electron withdrawing environment where nitrogen is bound 
to an aluminum, which inturn bound to an oxygen. Thus in the light of the reports existing in 
literature on XPS studies of aluminum oxynitride, we interpret the emergence of N-1s
#2
 as 
N
+
/N2
+
 ion induced nitriding of Al2O3 present in the form of tiny domains as well as in the grain 
boundaries   t is found in very low concentrations as this type of  l       interaction is not 
energetically favorable all the times.  These binding energy values for all the subpeaks of N-1s 
are listed in table 1.  
In general, at. %  composition of any compound AB can be calculated using following 
equation [17]:  
  
  
 = 
   
  
 * 
       
      
                                       (1) 
Where nA and nB are the at. % concentration of element A and B respectively. IA and IB represent 
their respective area under the XPS peak. To estimate the at. % concentration of AlN in the film 
at each substrate temperature, Al-2p3/2 and N-1s
#1
 subpeaks were analyzed together. Our 
calculations suggest that at RT, 46 at. % AlN is formed. At 100
o
C substrate temperature, 
interaction of Al with N gets enhanced as compared to RT and 58 at. % of AlN is observed. With 
further increase in substrate temperature to 500
o
C, N
+
/N2
+
 ion flux interacts more efficiently to 
increase its coordination with Al to form AlN and becomes dominating over other possible 
elemental interactions. Hence 74 at. % AlN was formed on the surface which is remarkably 
higher fraction as compared to many other techniques [11, 20]. Thus as a consequence of the 
increase in substrate temperature, Al-N interaction becomes better, forming larger fraction of 
AlN. As explained earlier that subpeaks Al-2p1/2 and N-1s
#2
 indicate their respective interaction 
with oxygen, so high resolution XPS of O-1s is analysed in the next section to delineate the role 
of oxygen during the growth of AlN thin film by reactive assistive IBSD.
  
3.3 O-1s peak 
 
Successive O-1s spectra from AlN thin films grown at cumulative substrate temperatures 
are shown in figure 5. The O-1s peak was fitted as two subpeaks using pseudo-Voigt line shapes. 
The subpeak with higher intensity is designated as O-1s
#1
 while other with lower intensity is 
designated as O-1s
#
2 for all the spectra. One noticeable feature of figure 5 is that, as the 
temperature of the substrate increases, intensity of O-1s peak decreases indicating lesser 
incorporation of oxygen at higher substrate temperatures. The subpeak O-1s
#1
 is found to possess 
~531.4 eV binding energy at all substrate temperatures as shown in figures 5(a), 5(b) and 5(c). 
As suggested by Harris et al. [22], this subpeak can be assigned to oxygen bound to Al with high 
coordination number forming tiny domains of α-Al2O3. Thus the subpeak O-1s
#1
 together with 
Al-2p1/2 is analysed to calculate the fraction of Al2O3 domains using equation (1). At RT, 31 at. 
% Al2O3 was found to form tiny domains. This fractional contribution is decreased to 25.3 at. % 
as the temperature of the substrate is raised to 100
o
C. Finally, at 500
o
C substrate temperature 
observed fraction of Al2O3 domains becomes minimum 23.7 at. %.  
The subpeak O-1s
#2 
is obtained with 529.8 ± 0.1 eV binding energy at all substrate 
temperatures as presented in figures   a     b  and   c    his subpea  can be attributed to the 
following three type of contributions   i    xygen bound to aluminum with reduced coordination 
in the grain boundaries li e     l    2   ii    xidized aluminum at the grain boundaries of  l  
crystals and  iii       l interaction resulting from the reaction of molecular oxygen or water with 
aluminum at film surface and vacuum interface but with significant contribution from crystal-
grain interface [7, 20]   o calculate the percentage fraction of these     l interaction at grain 
boundaries, O-1s
#2 
together with Al-2p1/2 is analysed using equation (1). Total contribution of 
10.6 at. % is observed at RT which is reduced to 9.8 at % and 8.3 at. % as the temperature of the 
substrate is raised to 100
o
C and 500
o
C respectively. These values of elemental concentrations are 
listed in Table. 2. Thus based on above observations and analysis, it is evident that AlN becomes 
the major constituent of film composition while     l interaction also constitutes significant 
fraction of it. These results are consolidated in figure 6 displaying the compositional variations 
of these phases at different substrate temperatures.  
Conclusion 
AlN thin films were grown by reactive assistive IBSD on Si(100) substrates at different substrate 
temperatures viz., RT, 100
o
C and 500
o
C. XPS investigations on these samples revealed a clear 
compositional variation in accordance with substrate temperatures during deposition. The 
binding energy shift obtained due to various chemical compositions makes it evident that the 
surface chemical composition is predominately due to wurtzite hexagonal AlN.  A mixture of 
tiny Al2O3 domains and  l    interaction due to oxidized aluminum dangling bonds possibly 
occupy the region between the boundaries of the neighboring AlN grains. For films prepared at 
RT, 46 at. % AlN was formed along with 31 at. % Alumina domains and 10.6 at. % Al-O bond 
pairs at the grain boundaries. An increase in concentration of AlN to 58 at. % was observed as 
the temperature of the substrate was raised to 100
o
C. Concentration of Al-O bonds from Al2O3 
domains and grain boundaries was 25.3 at. % and 9.8 at. % respectively. A maximum 
compositional concentration of 74 at. % of AlN was observed on the film surface when the 
temperature of the substrate was increased to 500
o
C which is remarkably higher than the reported 
values by many other techniques. Presence of alumina domains was reduced to a minimum of 
23.7 at. % with an associated decrease of oxygen at grain boundaries to 8.3 at. % . It is worth 
noticing that the increase in substrate temperature helps enhancing the net AlN formation 
without any change in chemical environment as found from the XPS plots. This is an important 
aspect wherein substrate temperature could be used effectively as a key parameter to tune the 
composition of reactive assistive IBSD grown AlN thin films. 
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Figure Captions: 
Figure 1: Morphology of the film surface as seen by using a scanning electron microscope 
(SEM) at different substrate temperatures. 
Figure 2: 1000 eV wide survey scans of AlN thin films deposited at (a) RT, (b) 100
o
C and (c) 
500
o
C substrate temperatures. 
Figure 3: A series of Al-2p plots deconvoluted in to constituent subpeaks. These plots progress 
from top to bottom in cumulative substrate temperature as (a) RT, (b) 100
o
C and (c) 500
o
C. 
Figure 4: A series of N-1s plots deconvoluted in to constituent subpeaks. These plots progress 
from top to bottom in cumulative substrate temperature as (a) RT, (b) 100
o
C and (c) 500
o
C. 
Figure 5: A series of O-1s plots deconvoluted in to constituent subpeaks. These plots progress 
from top to bottom in cumulative substrate temperature as (a) RT, (b) 100
o
C and (c) 500
o
C. 
Figure 6: Compositional variation of AlN along with Al2O3 domains and Al-O interaction at the 
grain boundaries with substrate temperature. 
 
 
 
 
 
 
 
 
 
 
 
 
  
Tables: 
Table-1: 
Variation of 
binding 
energy of 
each 
subpeak 
with 
substrate temperature. 
 
 
 
 
 
 
Table-2 Atomic concentration at different substrate temperatures 
Substrate Temperature 
(
o
C) 
Chemical Composition (at. %) 
AlN Al2O3 as  
tiny domains 
Al  O in grain 
boundaries 
RT 46 31 10.6 
100 58 25.3 9.8 
500 74 23.7  8.3 
 
 
 
 
Substrate 
temperature 
(
o
C) 
Subpeaks 
(Binding Energy in eV) 
Al-2p3/2 Al-2p1/2 N-1s
#1
 N-1s
#2
 O-1s
#1
 O-1s
#2
 
RT 74.0 74.9 396.4 397.6 531.4 529.8 
100 74.0 74.3 396.4 397.6 531.4 529.8 
500 74.0 74.3 396.4 398.6 531.4 529.8 
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